Kinetic analyses of the mechanisms of patulin-and gossypolinduced cellular toxicity in an immortalized rat hepatocyte cell line were examined using a battery of vital fluorescence bioassays. Intracellular glutathione (GSH) content and intracellular Ca 2+ ([Ca 2+ ]i) were monitored simultaneously using fluorescent probes requiring uv excitation (351-363 nm); reactive oxygen species (ROS) production, mitochondria! and plasma membrane potential, and intracellular pH were monitored simultaneously with visible wavelength probes (488 nm). Changes in gap junction-mediated intercellular communication (GJIC) were monitored using the gap FRAP technique. Cells were exposed to different concentrations of patulin (0, 1.0, 10, 100, and 1000 fim) or gossypol (0, 1.0, 3.0, and 10 ^M). All parameters were monitored directly after addition of toxin for 20 min. The analyses provided the following chronology of cellular injury caused by patulin: simultaneous suppression of GJIC and GSH depletion -» ROS generation -» mitochondrial membrane depolarization -» simultaneous increase in [Ca 2+ ]i and cytoplasmic acidification -> depolarization of plasma membrane. A distinct chronology of gossypol-induced cellular injury was also identified: simultaneous suppression of GJIC and generation of ROS -• cytoplasmic acidification -• simultaneous elevation of [Ca 2+ ]i and partial depletion of GSH -» mitochondrial membrane depolarization -> depolarization of plasma membrane. This report indicates the utility of these vital assays as improved mechanistically based methods for toxicity testing in vitro. © 19% society of Toxicology
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Innovations in cell culture strategies and technical advances in fluorescence technologies promise to further support developments in mechanistic approaches in in vitro testing. Cellular component-specific fluorescence probes combined with modern analytical microscopy/spectroscopy instrumentation have been applied to the analysis of cytotoxicity mechanisms using assays which are based upon the quantification of fluorescent probes of cellular function in living cells (Burghardt et al., 1994) which may provide improved mechanistically based methods for toxicity testing. The basis for this approach stems from the concept that toxicological effects are a consequence of the interaction of a toxicant and/or reactive metabolite with a molecular target on or within a sensitive cell type (Frazier, 1992) . Cellular damage beginning at discrete molecular targets may progress unless contained by cellular defense mechanisms which may lead to tolerance or adaptation. Accumulation of cellular damage ultimately overcomes cellular homeostatic mechanisms resulting in irreversible injury.
Restrictions imposed by the excitation/emission characteristics of fluorescence probes and the configuration of instrument excitation sources and filter/detector combinations have typically limited routine analyses to a single functional endpoint. Dual endpoint measurements to evaluate the intrinsic cellular toxicity of chemicals in the toxicological evaluation process are a relatively recent consideration. For example, several fluorescence probes have recently been adapted to monitor more than one endpoint (e.g., analysis of intracellular Ca 2+ and pH with indo-1 1 (Bancel et al., 1992) or glutathione content, glutathione 5-transferase activity, and cell-cell communication with monochlorobimane (Barhoumi et al., 1993) ) while other probes with compatible excitation/emission characteristics have been combined to perform simultaneous measurement of two physiological parameters (e.g., measurement of intracellular Ca 2+ and another endpoint such as plasma membrane potential (Rremer et al., 1992) , mitochondrial membrane potential (Chacon et al., 1992) , or peroxide production (Lund-Johansen et at, 1990) ).
In our previous studies, several vital fluorescence bioassays were adapted for laser cytometry and used sequentially to evaluate cellular toxicity caused by two food-borne agents. Patulin is a reactive mycotoxin commonly contaminating agricultural products including fruit products although its importance as a food-borne toxin is controversial (Friedman, 1990; Burghardt et al., 1992) . Gossypol, the major pigment present in cottonseed meal, is thought to pose a dietary health risk to animals and has several potential medical uses including antifertility, antineoplastic, and antiviral activity (Hutchinson et al., 1995) . These toxicants were selected for these investigations because they are considered to be moderately to highly cytotoxic; however, the mechanisms of cellular injury are not completely understood (Friedman, 1990; Riley and Showker, 1991; Coyle et al, 1994; Grankvist, 1989) .
Previous steady-state analysis of fluorescence endpoints altered by 1-or 2-hr patulin treatment in several cell lines revealed a depletion of intracellular glutathione (GSH), depression of mitochondrial membrane potential (MMP) leading to depolarization of mitochondria, elevation of intracellular Ca 2+ concentration ([Ca 2+ ],), acidification of the cytoplasm, and suppression of gap junction-mediated intercellular communication (GJIC) (Burghardt et al., 1992) . The effects of gossypol on MMP and plasma membrane potential (PMP), [Ca 2+ ] i; GSH homeostasis, and GJIC were also observed (Hutchinson et ai, 1995) . These studies illustrated the exceptional sensitivity of fluorescence probes for detecting changes in cellular homeostasis following toxin exposure for fixed time intervals; however, they did not identify the specific chronology of toxin-induced injury to cells.
The present study reports a new laser cytometric method for precise evaluation of cellular injury caused by patulin and gossypol in Clone 9, a cell line derived from normal rat liver, used in the previous studies. The cell line exhibits uniform properties and is widely used for in vitro toxicity studies ranging from oxidative injury (Grune et al., 1995) bleaching method used to monitor GJIC; GJIC, gap junction-mediated intercellular communication; GSH, glutathione; indo-1, used to measure intracellular Ca 2+ ; MMP, mitochondrial membrane potential; mBCl, monochlorobimane (used to measure GSH content); PBS, phosphate-buffered saline; ROS, reactive oxygen species; TMRM, tetramethylrhodamine methyl ester (used to measure mitochondrial membrane potential). to chemical carcinogenesis (Nu et al., 1995) . The method employs kinetic analysis of both previously applied and new endpoints with different concentrations of toxins, and simultaneous analysis of 2-4 different endpoints per experiment. These endpoints have been identified by biochemical toxicologists as important interacting elements involved in cellular injury caused by many toxic agents (Snyder, 1990) . The kinetic analysis of intracellular GSH and [Ca 2+ ]i content, reactive oxygen species (ROS) production, MMP, PMP, intracellular pH, and GJIC facilitates rapid identification of the chronology of toxin-induced injury in cells at reduced cost and time. This report indicates the utility of these vital assays as improved mechanistically based methods to identify early events of cellular injury which could be useful for strategies designed for reversal of cytotoxicity.
MATERIALS AND METHODS

Materials
Culture media, Dulbecco's phosphate-buffered saline (PBS), serum, patulin, gossypol (gossypol-acetic acid), and all general chemical reagents were purchased from Sigma Chemical Co. (St. Louis, MO). Tissue culture flasks were obtained from Corning (Oneonta, NY), LabTek chamber slides and Coverglass chamber slides were purchased from Nunc, Inc. (Naperville, IL). 5-Carboxyfluorescein diacetate (CFDA), 2',7'-dichloroftuorescin diacetate (DCFDA), bis-( 1,3-dibutylbarbituric acid)trimethine oxonol (Di-BAC 4 (3)), tetramethylrhodamine methyl ester (TMRM), indo-1,AM, 2' ,7 '-bis-(2-carboxyethyl)-5(6)-carboxyfluorescein, acetoxymethyl ester (BCECF), and monochlorobimane (mBCl) were purchased from Molecular Probes, Inc. (Eugene, OR). Stock solution of 100 mM patulin was prepared in dimethyl sulfoxide (DMSO) and stored at -20°C until used. For use in cell cultures, patulin was dissolved in Ham's Nutrient Mixture F-12 culture medium for serial dilution (1.0-1000 /J.M, <1.0% DMSO). Gossypol stock (20 mM) was prepared in ethanol and diluted in medium (1.0-10 fiM, <0.05% ethanol) immediately before each experiment. Stock solution of 1.0 mM indo-1,AM was prepared in DMSO and diluted with medium to 1.0 IM (0.1% final DMSO concentration) for loading in cultured cells. DiBAC 4 (3) was prepared as 10 mM stock in ethanol and used at 5 JJM (0.05% ethanol). TMRM was prepared as a 5 mg/ml stock in ethanol and diluted to 5 //g/ml in medium (0.1% ethanol). Stock solutions of 1.0 mM BCECF.AM in DMSO were diluted to 0.25 //M in medium (0.025% DMSO). Stock mBCl was prepared in ethanol (80 mM) and diluted to 100 /iM in medium (<0.1% ethanol). DCFDA was prepared in ethanol as a 10 mM stock and diluted to 5 /J.M for cells loading (0.05% ethanol).
Cell Culture
The rat liver cell line, Clone 9 (ATCC, CRL 1439, passage 17), was used in experiments which were conducted within 10 passages after being received. Clone 9 cells were grown in Ham's Nutrient Mixture F-12 containing 10% fetal bovine serum. During incubations of cells with toxin or fluorophores, cells were kept in medium without serum or phenol red to restrict the measured fluorescence intensity to the emission of the fluorescent probe. Cells were seeded at a density of 50,000 cells/cm 2 and were cultured for 48 hr before experimental treatments. Cells were cultured in 8-well LabTek chamber slides for experiments which employed visible wavelength excitation (488 nm) fluorescent probes or in 2-well Coverglass chambers for experiments requiring fluorescence probe excitation in the ultraviolet range (351-363 nm). by guest on May 1, 2016 http://toxsci.oxfordjournals.org/
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Laser Cytometry
The effects of patulin and gossypol on Clone 9 cells were monitored with a Meridian ACAS 570 work station (Meridian Instruments. Okemos, MI). The ACAS 570 was used to conduct kinetic fluorescence measurements as detailed below.
Kinetic Analysis of UV Wavelength Probes for Intracellular GSH and Ca 2+
Probe loading and imaging. Cellular GSH levels were evaluated with mBCl by laser cytometry. The cell-permeant mBCl probe is nonfluorescent, but forms a fluorescent adduct with GSH in a reaction catalyzed by glutathione 5-transferase (Rice et al, 1986; Shrieve et al., 1988) . The ACAS 570 was used at an excitation wavelength of 351-363 nm, and the emitted fluorescence (461 nm) was detected with a barrier filter (BP 485/45). Excitation and detection parameters were kept constant for all GSH experiments. For image collection, the laser excited fluorescence in cells from a twodimensional raster pattern generated by a stepper motor-driven microscope stage (scan parameters were optimized for maximum detection of fluorescence with minimum cellular photobleaching). Kinetic analysis of mBCl-GSH conjugation was performed at room temperature in the presence or absence of toxin on the ACAS 570 stage by recording changes in fluorescence intensity at 1-min intervals for up to 20 min (Barhoumi et al., 1995) .
The calcium-sensitive fluorophore indo-l was used to monitor nanomolar changes in [Ca 2+ ], caused by patulin and gossypol treatment in Clone 9 cells. Ratiometric analysis of indo-l was conducted with excitation wavelength of 351-363 nm and emission wavelengths of unbound indo-l at 485 nm and Ca 2+ -bound indo-I at 405 nm. Since differences in spectral characteristics of indo-l may exist in calibration buffer and cytoplasm which could lead to overestimation of [Ca 2+ ], (Popov et al., 1988) , only ratioed values (405/ 485) are reported.
Experimental.
Two-well Coverglass chambers were used for these studies. One well was loaded with I ^,M indo-l,AM for 1 hr at 37°C and both wells were subsequently washed four times with serum-free medium. An area of each well was selected. Several groups of cells from each area were scanned to obtain basal fluorescence of cells in the serum-free medium. The cells loaded with indo-l were scanned for 1 min to obtain basal fluorescence intensity ratios (405 nm/485 nm) before addition of toxin. Cells from the adjacent well were scanned once before addition of the mixture of toxin (patulin or gossypol) and mBCl. The mBCl loading concentration was fixed at 100 fiM while the toxin concentrations were varied above and below the IC50 value (i.e., the concentration required to reduce the cell number relative to control by 50% after 72 hr of culture) of each toxin (Hutchinson et al., 1995) . Both wells from the same Coverglass slide were scanned sequentially every minute up to 20 min. This time frame was sufficient to detect alterations in endpoints resulting from toxicant exposure compared to control cells which exhibited no significant changes in fluorescence intensity.
Kinetic Analysis of Visible Wavelength Probes for ROS, MMP, PMP, and pH
Probe loading and imaging. DCFDA was used to evaluate the rate of toxin-induced formation of hydroperoxides. Cleavage of acetate moieties by endogenous esterases causes the 2,7-dichlorofluorescein to be trapped inside the cells and available for oxidation by peroxides or hydroperoxides to the fluorescent 2.7-dichlorofluorescein (DCF) (Bombick and Doolittle, 1992) . Laser excitation was performed at 488 nm and emitted fluorescence monitored with a bamer filter (BP 530/30 nm). An increase in DCF fluorescence reflects oxidation of DCF by ROS; this increase in fluorescence could be followed by a drop in fluorescence intensity due to leakage of the dye from the cytoplasm to the extracellular medium when irreversible injury occurs.
TMRM. a slow potentiometric probe considered among the best fluorescent dyes for dynamic measurements (Haugland. 1989) . was used to provide a relative measure of mitochondrial membrane potential (Ehrenberg et al., 1988) . TMRM emission was recorded with the ACAS 570 using the 575nm SP dichroic mirror and a 605-nm LP filter with excitation at 488 nm. TMRM-loaded cells exhibit changes in fluorescence proportional to the mitochondrial membrane depolarization. An increase in fluorescence results from the diffusion of the dye from mitochondria to the cytoplasm, due to the loss of the ability of the mitochondria to partition TMRM (Lemasters et al., 1993 : Burghardt et al., 1994 . This increase could be followed by a drop in fluorescence intensity due to the diffusion of the dye from the cytoplasm to extracellular medium.
The slow responding negatively charged dye, bis-(l,3-dibutylbarbituric acid)trimethine oxonol (DiBAC 4 (3)) undergoes a potential-dependent distribution between the cytoplasm and the extracellular medium. Inside the cell, cytoplasmic fluorescence of DiBAC 4 (3) is increased over extracellular DiBAC 4 (3) due to binding to cytoplasmic proteins (Apell and Bersch, 1987) In the case of hyperpolarization of cells, efflux of the dye from the cells results in decreased fluorescence. DiBAC 4 (3) was monitored with 488 nm excitation and emitted fluorescence was monitored with barrier filter (BP 530/30 nm).
Intracellular pH was measured using the membrane permeant probe, BCECF-AM. Once inside the cell, it is hydrolyzed by intracellular esterases to release the fluorescent BCECF-free acid which is retained by the cell (Musgrove et al., 1986) . Changes in intracellular pH were examined by means of single excitation-dual emission fluorescence ratios with the ACAS 570. Cells were scanned at 488 nm to simultaneously monitor the ratio of fluorescence emissions of 530 nm/640 nm with a 575-nm SP dichroic mirror, BP 530/30 nm, and LP 605/45 nm barrier filters.
Experimental.
The 4 central wells of an 8-well chamber slide were simultaneously loaded with one of the 4 different fluorescent probes (5 /XM DCFDA, 5 /ig/ml TMRM, 5 ^M DiBAC 4 (3), and 0.25 fiM BCECF) for 20 min at 37°C. Cells loaded with DiBAC 4 (3) were scanned in the continued presence of extracellular DiBAC 4 (3), whereas cells loaded with DCFDA, TMRM, and BCECF were washed four times with serum-free media prior to analysis. An area from each well was selected and all four wells were scanned sequentially for 1 min to determine basal levels of ROS, MMP. PMP, and pH of the cells. Toxin was then added and changes occurring in the four parameters were then recorded every 30 sec up to 20 min.
Analysis ofGJIC.
GJIC between cells was monitored by dye coupling with the ACAS 570 using the fluorescence recovery after photobleaching technique (gap FRAP) (Wade et al., 1986) . Cells were loaded with 10 /y.g/ ml CFDA, a membrane-permeable, nonfluorescent precursor of carboxyfluorescein, in medium for 15 min at 37°C, washed three times, and maintained in serum-free medium. Carboxyfluorescein is membrane impermeant and is subsequently transferred only between cells which are coupled by gap junctions Gap FRAP data were collected and analyzed to determine the rate constant for dye transfer as previously described (Barhoumi et al., 1993) . Rate constants presented are independent of dye leakage caused by changes in plasma membrane permeability.
Data Analysis
Data from at least 15-20 cells per well from four chambers per treatment group were collected in each experiment. Two separate experiments on different days were conducted. For each toxin concentration, data collected from each time point were averaged. For each time point, data from all concentrations of toxin and fluorescence endpoint were compared statistically with Dunnett's and/or Tukey's test using SAS/STAT (\9S5).
RESULTS
Kinetic analysis of patulin-induced cytotoxicity.
Based upon our previous study (Burghardt et al, 1992) , the IC50 values for patulin in several cell lines were found to range Fluorescence intensity measurements of mBCl-GSH conjugation (GSH) and intracellular Ca 2+ levels (Ca 2+ ) were simultaneously recorded at 1-min intervals for 20 min. Reactive oxygen species production (ROS), mitochondrial membrane potential (MMP), plasma membrane potential (PMP), and intracellular pH (pH) were simultaneously recorded at 30-sec intervals for 20 min. In each panel, the results represent mean values obtained from at least 60 cells collected from 4 different wells of chamber slides. The standard error of the mean (SEM) is not shown in any figure so as not to obscure the symbol; however, the greatest SEM obtained in each assay is shown as a "floating" error bar in each figure. For ROS, MMP, PMP, and pH, the normalized intensity represents the ratio of the individual probe fluorescence intensity at any time, t, and the basal fluorescence intensity (time = 0). Note that some doses at which no significant changes were recorded are not included in the figure so as not to obscure the control value (open squares). from 10 to 100 /XM (data not shown). Kinetic analysis of the effects of graded doses of patulin (0, 1.0, 10, 100, 1000 /XM) on seven cellular endpoints in rat liver Clone 9 cells was performed over a 20-min time course. A summary of six of these assays is summarized (Fig. 1) . which includes the effects of patulin on GSH levels, [Ca 2+ ]i, ROS production, MMP, PMP, and intracellular pH.
In cells treated with 1.0 /tM patulin, significant depletion of GSH was detected by 11 min, while no changes in other cellular parameters were noted over the 20-min exposure. Addition of 10 f/,M patulin to cultures resulted in more rapid depletion of GSH and the detection of significant generation of ROS by 15 min. No changes in the other four cellular parameters monitored were noted at the 10 fiM dose. Cells treated with 100 /XM patulin again revealed early GSH depletion and ROS production. In addition, depolarization of mitochondria resulted in a surge in cytoplasmic TMRM fluorescence resulting from the sudden release of the quenched probe from the mitochondria. Doses of 1000 /XM patulin resulted in very rapid depletion of GSH, rapid generation of ROS, rapid depolarization of mitochondria, and acidification of cytoplasm. Surprisingly, slight elevation of [Ca 2+ ]j oc-curred only at this highest dose of patulin, whereas no change in PMP was seen for up to 20 min at any of the doses tested. Because most of the fluorescence parameters changed simultaneously at this highest dose, the utility of the 1000 /XM patulin dose for determination of chronology was limited.
It was anticipated that the last endpoint monitored in this study, GJIC, would be a later event in the chronology of patulin-induced injury. However, suppression of GJIC occurred very early (Fig. 2) . Within 10 min of addition of 1.0 /XM patulin, analysis of the rate constant indicated that GJIC was suppressed by 40% and at the higher dose of 10 /XM patulin, there was a comparable suppression of GJIC which was detected between 0 and 1 min of patulin treatment. Cell death was not detected over the 20-min time course of the analysis based upon the absence of dye leakage from cells which is indicative of reduced plasma membrane integrity.
Kinetic analysis of gossypol-induced cytotoxicity. In a previous study, analysis of IC50 values for gossypol in several cell lines ranged from 2.5 to 3.3 /XM (Hutchinson et ai, 1995) . In the same study, acute effects on Clone 9 cells were detected in steady-state experiments and revealed a relatively narrow range between subtoxic and acutely toxic concentra- Changes in GJIC as measured by the rate constant at selected intervals following addition of either 1.0 or 10 //M patulin to Clone 9 cells. Within 10 min of addition of 1.0 fjM patulin, analysis of the rate constant indicated that GJIC was suppressed by 40%, and at the higher dose of 10 fiwi patulin, there was a comparable suppression of GJIC which was detected between 0 and 1 min of patulin treatment. GJIC is expressed as the normalized rate (the ratio of the rate constant, k,, following treatment of cells with patulin for a given time, (, and the rate constant, ko, of control cells, i.e., tions of gossypol at low micromolar concentrations. Therefore, kinetic analyses of gossypol effects on Clone 9 cells centered around this IC50 value (i.e., gossypol doses of 0.0, 1.0, 3.0, and 10 /XM). AS observed in patulin-treated cells, suppression of GJIC also appears to be an early event associated with gossypol-induced injury to cells (Fig. 3) . Suppression of GJIC (i.e., the gap FRAP rate constant by 18%) was detected within 0-1 min following addition of 1.0 //M gossypol. Treatment of cells with 3.0 f/M gossypol resulted in a 30% suppression of the rate constant within the same time interval, and almost complete uncoupling of cells by 20 min. GJIC could not be monitored by gap FRAP at 10 /J.M gossypol due to leakage of the CFDA probe from cells which indicated irreversible injury to cells.
Kinetic analysis of the effects of gossypol on GSH levels, ROS production, MMP, [Ca 2+ ],, PMP, and intracellular pH are summarized (Fig. 4) . Treatment of cells with 1.0 ^M gossypol revealed rapid generation of ROS by 3 min while acidification of the cytoplasm reached significance at 8 min at this dose. At the higher dose of 3.0 /XM gossypol, changes in addition to ROS generation and cytoplasmic acidification included elevation of [Ca 2+ ], by 6 min and a reduction in GSH content by 10 min. The 10 p.M dose resulted effects on all cellular parameters monitored, with the last events being depolarization of mitochondria beginning at 2 min and plasma membrane depolarization beginning at 4 min. However, because probe leakage from cells began at this concentration, the utility of 10 fiM gossypol for determining the chronology of injury was limited.
DISCUSSION
Simultaneous kinetic analysis of several fluorescence assays provides a powerful tool for studying the mechanisms and chronology of patulin-and gossypol-induced cellular toxicity in an in vitro model system. These assays performed in the early stages of toxicity may also be useful to detect early events of injury that may be missed due to cellular adaptation. The analyses are adaptable to well-characterized cell lines from various sources including human tissues and may provide a versatile screening approach to evaluate the sequential events associated with the development of cellular damage caused by a variety of toxins. The basis for celltype specificity of certain toxins may also be analyzed in vitro.
The mycotoxin, patulin, is thought to perturb a number of physiological processes within cells through sulfhydryl modification of cellular proteins and nonprotein sulfhydryls (Phillips and Hayes, 1978; Hinton et ai, 1989; Riley and Showker, 1991) . Our first studies involved measurement of single parameters after treatment with different concentrations of patulin for two fixed time intervals. Although analysis of cellular homeostasis parameters indicated that changes in GSH content and mitochondrial membrane potential could be detected prior to changes in [Ca 2+ ], and pH (Burghardt et at, 1992) , these studies did not reveal the chronology of injury because parameters were measured 1 or 2 hr after toxin treatment. A second study in which mBCl was used to monitor both GSH and GJIC simultaneously revealed a direct relationship between the intracellular GSH levels and communication rate (Barhoumi el ai, 1993) . The objective of the present study was to identify the chronology of patulin-and gossypol-induced injury using simultaneous and continuous kinetic analysis of cellular endpoints directly after the addition of toxin. Intracellular GSH and [Ca 2+ ], content were simultaneously evaluated using fluorescence probes requiring uv excitation. ROS production, MMP. PMP, and intracellular pH were monitored simultaneously using visible wavelength probes, whereas GJIC was evaluated separately. . Fluorescence intensity measurements of mBCI-GSH conjugation (GSH) and intracellular Ca 2+ levels (Ca 2+ ) were simultaneously recorded at 1-min intervals for 20 min. Reactive oxygen species production (ROS), mitochondrial membrane potential (MMP), plasma membrane potential (PMP), and intracellular pH (pH) were recorded at 30-sec intervals for 20 min. In each panel, the results represent mean values obtained from at least 60 cells collected from 4 different wells of chamber slides. The standard error of the mean (SEM) is not shown in any figure so as not to obscure the symbol; however, the greatest SEM obtained in each assay is shown as a "'floating" error bar in each figure. For ROS, MMP, PMP, and pH, the normalized intensity represents the ratio of the individual probe fluorescence intensity at any time, f, and the basal fluorescence intensity (time = 0). Note that some doses at which no significant changes were recorded are not included in the figure so as not to obscure the control value (open squares).
These endpoints, when compared statistically, provide a precise chronology of injury caused by sufficient doses of patulin as follows: simultaneous suppression of GJIC and GSH depletion -* ROS generation -» mitochondrial membrane depolarization -» simultaneous increase in [Ca 2+ ], and cytoplasmic acidification -> depolarization of plasma membrane. Using the same experimental procedures and statistical analyses, the cellular endpoints affected by gossypol and their chronology of change exhibited a very different cytotoxicity signature compared to patulin: simultaneous suppression of GJIC and generation of ROS -> cytoplasmic acidification -* simultaneous elevation of [Ca 2+ ]j and partial depletion of GSH -* mitochondrial membrane depolarization -* depolarization of plasma membrane.
Primary effects of gossypol have been related to damage of mitochondria (Martinez et al., 1993) . Depressed oxidative phosphorylation, electron transport, and glycolysis correlate with depressed activities of enzymes including lactate dehydrogenase, malate dehydrogenase, glutathione S-transferase, fumarase, and pyruvate dehydrogenase (Stephens et al., 1983; Martinez et al, 1993; Cuellar and Ramirez, 1993) . In model membrane systems, gossypol interacts with lipid bilayers and can increase proton and cation permeability (Reyes et al, 1984) . Free radical generation may also be a factor causing cellular damage (Grankvist, 1989) . Kinetic analyses employed in the present study indicate that gossypol-induced injury occurs at multiple cellular targets. They also indicated that damage to mitochondria is a later event in the chronology of cellular injury and that the generation of ROS is a primary event in gossypol toxicity and a major source of injury which leads to GSH depletion in Clone 9 cells.
Among the earliest endpoint affected by both patulin and gossypol was the suppression of GJIC. Both toxins are known to affect GJIC (Ye et al, 1990; Burghardt et al, 1992) , although neither the mechanisms by which the function of these cell-cell membrane channels is altered nor the rapid suppressive effects of these toxins on GJIC have been reported. It has been demonstrated that cellular insults that deplete GSH can cause inhibition of GJIC. Several different oxidants as well as nonoxygen-derived free radicals have also been observed to reduce GJIC (Burghardt et al., 1992; Klaunig, 1986, 1988; Saez et al, 1987; Zwijsen et al., 1991) . However, the effect of GSH depletion can affect communication at multiple levels (Dahl et al., 1991 (Dahl et al., , 1992 which may lead to maladaptive consequences (Trosko et al., 1993) .
We have recently determined that the effect of patulin on GJIC was due to GSH depletion since similar suppression of GJIC resulted from inhibition of GSH synthesis by Lbuthionine sulfoximine or due to conjugation of GSH by the electrophilic compound l-chloro-2,4-dinitrobenzene (Barhoumi et al., 1993) .
Rapid, continuous kinetic analyses methods simultaneously examining several fluorescence-based endpoints of cellular function were developed in order to further improve the utility of the in vitro assays by reducing analysis time and costs. Further development of short-term, automated laser cytometric methods to quantitatively assess the effects of toxins on interacting homeostatic control mechanisms within cells has been developed. Strategies employed included the analysis of two to four cellular endpoints using different fluorescence probes whose emission wavelengths can be alternately monitored with the same fluorescence detector in separate wells of chamber slides. These methods facilitate determination of the chronology of injury by a method which substantially extends the power of fluorescence technology.
These studies suggest that the chronology of injury caused by patulin is a consequence of sulfhydryl depletion, whereas ROS production is the primary action of gossypol in Clone 9 cells. Studies in progress are directed toward analysis of the efficacy of experimental approaches designed to block the cellular injury caused by these toxins. Further improvements in the specificity of fluorescent probes, advances in analytical instrumentation, and innovative approaches to exploit their sensitivity, spectroscopy, and temporal/spatial resolution are certain to provide some of the most sensitive approaches for analysis of the molecular mechanisms of cellular toxicity.
